Poly(styrene-alt-maleic acid) adsorption on hydroxyapatite and TiO 2 (rutile) was studied using experimental techniques and complemented by ab initio simulations of adsorption of a maleic acid segment as a subunit of the copolymer. Ab initio calculations suggest that the maleic acid segment forms a strong covalent bonding to the TiO 2 and hydroxyapatite surfaces. If compared to vacuum, the presence of a solvent significantly reduces the adsorption strength as the polarity of the solvent increases. The results of first-principle calculations are confirmed by the experimental measurements.
Introduction
Investigations of adsorption of organic molecules at the surface of nanomaterials and their colloidal behaviour 1 allowed for the development of novel strategies for the surface modification, dispersion, and advanced synthesis of nanoparticles. Studies of mussel adsorption on inorganic surfaces 2,3 provide important chemical and physical insights into development of covalent anchoring mechanisms. It was found that the strong mussel adhesion involves protein macromolecules that contain a catecholic amino acid L-3,4-dihydroxyphenylalanine (L-DOPA). The adhesion mechanism of mussels is attributed to the complexation, or bridging bidentate bonding between metal atoms on material surfaces and hydroxyl groups of catechol. 4 These studies have generated interest in the investigation of catecholates and inspired the development of advanced adhesives, 3,5 dispersants, 6 liquid-liquid extraction agents [7] [8] [9] [10] containing anchoring catechol groups for various applications (see Ref. 11 and references therein).
The success in the applications of chelating molecules from the catechol family has driven investigations of natural aliphatic compounds with carboxyl groups, which can provide strong chelating or bridging polydentate bonding to inorganic materials. Of particular interest are fumaric and maleic acid (MA) isomers, containing trans and cis carboxyl groups, respec-vantages for surface modification of materials.
Significantly stronger interactions with inorganic surfaces can be expected using maleic acid polymers or copolymers. The individual maleic acid monomers of such polymers can provide multiple chemical bonds with substrates. Poly(maleic acid) showed a strong adsorption on alumina particles and allowed for their efficient dispersion. 18 Poly(acrylic acid-comaleic acid) exhibited a strong affinity to BaTiO 3 and clay minerals. 19, 20 The adsorption properties of poly(styrene-alt-maleic acid) (PSMA-h) copolymer ( Fig. 1 ) have been utilized for the synthesis of inorganic particles with different morphologies [21] [22] [23] and unusual superstructures. 24 PSMA-h is a biocompatible polymer, which is currently under investigations for many biomedical applications, such as drug delivery, [25] [26] [27] biosensors, 28 antimicrobial materials 29 and implants. 30, 31 PSMA-h demonstrated a strong affinity to hydroxyapatite (HA), bioglass, and bioceramics and allowed their electrophoretic deposition (EPD) and co-deposition with proteins. 32 Colloidal techniques, such as EPD, have a high potential in the development of advanced films, coatings, scaffolds and devices for biomedical applications. Therefore, the investigation of PSMA-h adsorption on bioceramics opens new avenues for the synthesis, dispersion, and colloidal processing of advanced materials for biomedical applications. HA is an important material for biomedical implant applications, because its chemical composition is similar to that of natural bone. 33 Rutile is also known as a bioactive material, which promotes HA biomineralization. [34] [35] [36] Compared to the anatase phase, the rutile phase of TiO 2 has many advantages for implant applications, such as phase stability, chem-ical stability and improved corrosion protection. 37 The addition of rutile to the HA to form a composite coating offers many benefits, such as enhanced chemical stability, improved corrosion protection of implants, bioactivity, improved mechanical properties, enhanced osteoblast adhesion and cell growth. [38] [39] [40] [41] [42] Previous investigations 32 showed that HA coatings can be deposited by EPD using PSMA-h as a charging and dispersing agent, which strongly adsorbed on the HA surface.
The goal of this investigation was to probe the PSMA-h adsorption on HA and TiO 2 (rutile) using experimental techniques as well as to perform ab initio simulations of adsorption of a maleic acid segment as a subunit of the copolymer. We identified the most stable TiO 2
and HA surfaces and their reconstructions in the presence of a solvent using first-principle atomistic modelling. We examined molecular mechanisms and adsorption strength of MA on different surfaces of TiO 2 and HA. Our simulations indicate that two carboxylate functional groups of MA form strong covalent bonds at the surfaces of HA and TiO 2 . In these calculations MA was treated as a segment of a polymer chain rather than a monomer. Our studies demonstrate that a solvent significantly alters the surface energy and adsorption characteristics of molecules. Experimental measurements are performed to test validity of the theory. The measurements include the use of PSMA-h as a dispersion agent for rutile and formation of films by EPD. We examined the deposition yield, film morphology, and corrosion resistance. The possibility of co-dispersing and co-depositing the rutile with HA to form composite films is investigated for biomedical applications.
Methods

Computational
The first-principle electronic structure calculations have been performed in the framework of the density functional theory (DFT) 43 using Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBE) for the exchange-correlation functional. 44 The Vienna ab initio simulation program (VASP) and projector augmented-wave potentials [45] [46] [47] were used. Full self-consistent structural optimization was performed for the bulk TiO 2 (rutile) and HA. The structure was considered optimized when the magnitude of Hellmann-Feynman forces acting on atoms dropped below 10 meV/Å and components of the stress tensor did not exceed 1 kBar. The Brillouin zone was sampled using 3 × 3 × 4 and 2 × 2 × 4 Monkhorst-Pack grid 48 for TiO 2 and HA primitive cells, respectively. The cutoff energy for a plane wave expansion was set at 500 eV, which is 25% higher than the value recommended in the pseudopotential file for oxygen. The higher cutoff energy was essential for obtaining accurate structural parameters, which are summarized in 
51,52
Compound 
53,54
The HA (0001) and (0110) slabs are constructed using 9 and 7 monolayers of Ca-atoms, re-spectively. There are some ambiguities about HA (0110) surface and its reconstruction.
55-57
Several scenarios for a stoichiometric cleavage surface were explored. The lowest surface energy corresponds to the cleavage plane selected such that PO 4 tetrahedra remain preserved (Fig. 2) . It is this surface reconstruction that is later used for studying the adsorption of molecules. Atoms of the slab representing the surface were allowed to relax except for three monolayers in the centre of the slab that were constrained to the bulk atomic positions.
The presence of a solid-liquid interface is modelled using an implicit solvation model imple- MA residue as a part of copolymer and can serve as a basis for studying its adsorption at inorganic surfaces. This choice is driven by the necessity to make our model computationally feasible at the first-principle level. At the same time, we admit that this approach omits some details of the copolymer confirmation that can limit exposure of MA residues to the solvent/surface and possible interactions between phenyl group and the surfaces. 
Experimental
Titanium foil (0.127 mm), TiO 2 (rutile, the particle size less than 100 nm), poly(styrene-alt- obtain the potentiodynamic polarization curves.
A JEOL 7000F scanning electron microscope (SEM) and FEI Tecnai Osiris transmission electron microscope (TEM) were used for electron microscopy. A Nicolet I2 diffractometer with monochromatized CuK α radiation was used for X-Ray diffraction (XRD). Fouriertransform infrared spectroscopy (FTIR) studies were performed on Bruker Vertex 70 spectrometer.
Results and discussion
We begin with examining surfaces of rutile and HA. The specific surface energy is defined as
where E tot is the DFT total energy of the slab and the bulk material, A is the planar surface area, and the factor of 2 accounts for the present of two surfaces at the top and bottom of the simulation slab. Results for the surface energy are presented in Table 2 calculations, which is one order of magnitude less than typical adsorption energies. The ability of MA to easily adapt its structure to the surface of interest can be attributed to its aliphalic nature. In the case of HA, the spacing between Ca-atoms at the surface is too large.
Therefore, chelation is a preferable type of bonding on HA (Fig. 6b,c) . The adsorption of MA is accompanied by deprotonation of both carboxyl groups. Those protons are readily attracted to passivate oxygen dangling bonds at the surface PO 4 -tetrahedra and to restore the change balance perturbed by the newly formed Ti−O or Ca−O bonds. The affinity of MA to the surfaces is characterized by the adsorption enthalpy, which is defined as The adsorption enthalpies of MA on TiO 2 and HA surfaces are summarized in Table 2 .
Here we list results obtained for different solvents: water, a mixture of water and ethanol as well as for the vacuum since effects of the solvent are often neglected in studies of a molecular adsorption. Values of the adsorption enthalpy in Table 2 caffeic acid adsorption on TiO 2 in vacuum.
Effect of the solution pH on adsorption energies can be accounted by evaluating a change in the free energy of a residue as a result of deprotonation
where R is the gas constant, T is the temperature, and pK a is a dissociation constant. The dissociation constants for MA are pK a1 = 1.9 and pK a2 = 6.0. 67 This implies that both carboxyl groups are deprotonated at the experimental conditions (pH = 7). As a result, the free energy of MA is lowered by ∆G ≈ −0.16 eV per residue (−0.10 and −0.06 eV for the first and second group, respectively). To account for deprotonation, the magnitude of adsorption enthalpies in Table 2 should be corrected by the corresponding value of ∆G, which results in reduction of the magnitude of the adsorption energy with increasing pH value but does not prevent MA residues from adsorption as observed experimentally by Hidber et al. PSMA-h films were deposited anodically and showed strong adhesion to the substrates. The film adhesion corresponded to 5B classification (ASTM D3359). The addition of PSMA-h to the TiO 2 suspensions resulted in significant improvement of the suspension stability and formation of anodic deposits. The formation of anodic films signified a particle charge re-versal due to the adsorption of the negatively charged PSMA-h. The deposit mass increased with increasing deposition time at a constant applied voltage (Fig. 7) . The experimental results indicated that the film thickness can be controlled and varied. The deposition yield data showed relatively high deposition rate. A decrease of deposition rate with time was observed due to the reduction in the voltage drop in the bulk of the suspension as a result of the formation of an insulating film layer on the electrode surface. The PSMA-h adsorption on the TiO 2 particles was confirmed by the FTIR analysis (Fig. 8) of the deposited material. Figure 8 shows absorption peaks at 1453, 1493 cm SEM studies showed the formation of continuous and crack-free TiO 2 -PSMA-h films (Fig. 9) . It was found that the variation of TiO 2 concentration in the suspension resulted in changes of film microstructure. The SEM image of a film, prepared from the 5 g L −1
TiO 2 suspension, containing 10 g L −1 PSMA-h showed TiO 2 particles in a PSMA-h matrix (Fig. 9a) . The SEM image of the film prepared from 10 g L −1 TiO 2 suspension (Fig. 9b) , containing 10 g L −1 PSMA-h showed mainly TiO 2 particles, which formed a porous film.
The film porosity resulted from packing of TiO 2 particles. The comparison of the SEM PSMA-h solution resulted in the increasing TiO 2 content in the deposited film.
The composite TiO 2 -PSMA-h coating prepared from 5 g L −1 TiO 2 suspension, containing 10 g L −1 PSMA-h, was studied in Hank's balanced salt solution, which acted as a simulated body fluid. Tafel plots comparing the electrochemical behaviour of the coated and uncoated titanium are shown in Fig. 10 . From the Tafel plots it can be seen that deposited TiO 2 -PSMA-h coating allowed a reduction of the corrosion current, compared to an uncoated titanium. Moreover, the coated substrate showed a higher corrosion potential. These results demonstrated that the coating acted as a protective layer and provided corrosion protection of the titanium substrates. Therefore the TiO 2 -PSMA-h coating, containing the bioactive TiO 2 rutile phase offers additional benefits of corrosion protection of underlying metallic substrates for biomedical implant applications.
Related to biomedical applications, we investigated PSMA-h as a co-dispersant for the codeposition of TiO 2 (rutile) and HA to fabricate composite rutile-HA coatings. A suspension
TiO 2 and 10 g L −1 PSMA-h was used for anodic EPD, and subsequent films were studied using XRD. The resulting X-ray diffraction pattern is shown in Fig. 11 . The XRD pattern showed TiO 2 (rutile) peaks, corresponding to the JCPDS file 021-1276 and peaks of HA, corresponding to the JCPDS file 046-0905. This confirmed that HA and TiO 2 were co-deposited using PSMA-h, and thus composite HA-rutile-PSMA-h films were formed. The results of SEM studies (Fig. 12) provided additional evidence of the formation of composite coatings. The SEM image presented in Fig. 12 shows needle-shape HA particles in addition to the TiO 2 particles. Therefore, PSMA-h can be used as a codispersing and film-forming agent for the co-deposition of HA and rutile. The composite coatings showed corrosion protection of Ti substrates, as indicated (Fig. 10) by the increase in the corrosion potential and reduction of the corrosion current. As emphasised above, the composite coating containing HA and rutile offer many benefits for biomedical application.
EPD method has many processing advantages, such as high deposition rate and possibility of uniform deposition on substrates of complex shape and high surface area.
Finally, we would like to comment on an interference between adsorption of MA and hydration of surface by chemisorption of water molecules that takes place under relevant experimental conditions. The hydration of metal oxides is governed by the following two- 
Here − − − Me is a surface metal ion (either Ti or Ca), and q indicates its fractional charge.
The charge is q = 2/3e for rutile (110) surface, 62 where e is the elementary charge. The HA(0110) surface has several − − − Ca q+ and − − − O q -sites with a range of q-values up to 1e due to a variety of dangling bonds created in the process of cleaving the surface (see Fig. 2 ).
Results for the enthalpy of water molecule chemisorption at these two surfaces are listed in Table 3 . The water chemisorption is favourable at both surfaces in vacuum, which agrees with previous studies. 57, 71 However, the presence of solvent not only reduces the magnitude of interaction but also changes the surface receptivity. As evident from 
which involves deprotonation of the ligand, protonation of surface hydroxyl groups on Ti-site, and finally the ligand exchange. This reaction leads to desorption of two water molecules from the surface of TiO 2 , which is energetically unlikely in an aqueous environment due to reasons discussed in the preceding paragraph. As a result, an enthalpy is positive for the ligand exchange reaction between hydroxyl groups at the TiO 2 surface and MA monomer or MA segment as a part of PSMA-h (Table 3) 
The corresponding enthalpy is strongly negative (see Table 3 ) indicating that, unlike in the case of TiO 2 , there is no competition between water chemisorption and MA adsorption at the surface of HA. 
Conclusions
Poly(styrene-alt-maleic acid) adsorption on hydroxyapatite and TiO 2 (rutile) was studied using experimental techniques and corroborated by ab initio simulations of adsorption of a maleic acid segment as a subunit of the copolymer. Ab initio calculations suggest that the maleic acid segment adsorbs to the TiO 2 surface via an inner sphere bridge bidentate bonding to a pair of Ti-atoms. Chelation is a preferable type of bonding for the maleic acid by the experimental measurements. We found that adsorbed poly(styrene-alt-maleic acid) allowed efficient dispersion of rutile and formation of films by the electrophoretic deposition.
We investigated the deposition yield and morphology of the films. Moreover, it was found that rutile can be co-dispersed and co-deposited with hydroxyapatite to form composite films. The coatings obtained by the electrophoretic deposition showed corrosion protection of metallic implants in simulated body fluid solutions, which is a favorable characteristic for biomedical applications.
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